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(54) Article comprising a low noise optical fiber raman amplifier 



(57) A low noise optical fiber Raman amplifier (FRA) 
comprises an upstream and a downstream length (23, 
24) of silica-based amplifier fiber, of combined length 
>200 m. typically >1 km, with an optical isolator (25) dis- 
posed between the upstream and downstream lengths 
of amplifier fiber such that passage of backscattered sig- 
nal radiation from the latter to the former is substantially 
blocked. In preferred embodiments counter-propagat- 
ing pump radiation is coupled into the downstream 
length of amplifier fiber, and wavelength-selective 
means (26, 27) are provided for shunting the pump ra- 



diation around the optical isolator. The described FRA 
is advantageously incorporated into optical fiber com- 
munication systems. Exemplarily It can serve as power 
amplifier, as pre-amplifier, or as in-line amplifier. For in- 
stance, it can be used to replace conventional opto-elec- 
tronic repeaters In existing 1.3jjm fiber communication 
systems, or it can be used as power amplifier In a multi- 
subscriber optical fiber CATV system. In a still further 
exemplary emt)odiment, the FRA Is used as a distribut- 
ed pre-amplifier in a remotely pumped fiber communi- 
cation system. 
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Description 

Field of the invention 

This application pertains to optical fiber Rannan am- 
plifiers, and to optical fiber communication systems 
comprising such amplifiers. 

Background of the Invention 

Erbium-doped optical fiber amplifiers (EDFAs) are 
welt known, and have reached a high level of develop- 
ment. However, these amplifiers are limited to wave- 
lengths of about 1.5 urn. Indeed, at present there are no 
practical silica^based rare earth doped fiber amplifiers 
that can be used to provide gain at wavelengths of about 
1 .3 nm, the operating regime of most currently operating 
optical fiber communication systems. See, for instance, 
S. V. Chemikov et al.. Electronics Letters. Vol. 31 (6), p. 
472. (March 1995). 

Optical fiber Raman amplifiers are known, and can 
be designed to operate at a desired wavelength at or 
near 1.3 ^im. See, for instance, 8. V. Chemikov et al.. 
op. cit. Indeed, Raman amplifiers are potentially prom- 
isang candklates for such use because they can utilize 
silica-based fiber, and because of their high transparen- 
cy when unpumped. For background information on 
stimulated Raman scattering see, for instance, "Nonlin- 
ear Fiber Optics", G. P. Agrawal, 2nd edition, Academic 
Press 1995, especially pages 16-19, and 316-335. See 
also US patent No. 5,323.404, which inter alia discloses 
fiber Raman amplifiers with a multiplicity of optical "cav- 
ities". 

Although it is relatively easy to generate targe gains 
(e.g., small signal gain > 40 dB) through Raman ampli- 
fication, prior art high gain Raman amplifiers generally 
are noisy, and we are not aware of any prior art FRAs 
that have both h igh net gain (e.g. . > 20 dB) and low noise 
(e.g., < 6 dB). where by "net gain" we mean the signal 
power just after the FRA, divided by the signal power 
just before the FRA. 

One known source of excess amplifier noise is in- 
creased (above the inherent quantum limit of 3 dB) sig- 
nal-spontaneous beating due to unavoidable passive 
loss of the anrplifier. See Y. Aokl. Journal of Lightwave 
Technology . Vol. 6, p. 1225 (1988), which teaches (p. 
1226, first column, first full paragraph) that in fiber Ra- 
man amplifiers (FRAs)' ...the dominant noise light is 
amplified spontaneous emission or ASE, which arises 
as a result of the summation of the spontaneous emis- 
sion over the fiber length." 

In view of the great potential of Raman amplifiers 
for use in optical fiber systems, e.g., as a replacement 
for conventional repeaters in 1.3 |j.m systems, it would 
be highly desirable to have available Raman amplifiers 
having relatively high gain and improved noise charac- 
teristk:s. This application discloses such amplifiers. 

N. A. Olsson et al., J. Lightwave Technologv . Vol. 



LT 4 (4). p. 396 (April 1 986) report measurements of the 
noise properties of a FRA. with signal-spontaneous 
emission beating being the dominant noise source. 
These authors also report (see p. 396, first column, first 

s paragraph of section II) that use of counter-propagating 
pump radiation greatly reduces high frequency noise 
'due to pump fluctuations. See also Y Aoki et al.. Elec- 
tronics Letters. Vol. 21 (5), p. 192 (1985). and J. H. He- 
garty. Electronics Letters. Vol. 21 (7), p. 290 (1985). The 

10 use of a counter-propagating geometiy also decreases 
crosstalk between different channels in WDM systems. 

A great deal of research has been done on the prop- 
erties of EDFAs. For instance. S. L. Hansen et al.. IEEE 
Photonics Technologv Letters, Vol. 4 (6), p. 559 (June 

IS 1 992) consider the limit placed on the maximum gain of 
EDFAS: and report observation of a significant amount 
of amplified Rayleigh back-scattering (RBS), although 
the gain was limited by ASE saturation rather than RBS. 
They also report insertk)n of an optical isolator (and use 

20 of two WDMs to guide the pump radiation around the 
isolator), with attendant increase in the achievable gain. 
See. for instance, p. 561, last two paragraphs of "Dis- 
cussion". 

F. W. Willenns et al.. Electronics Letters. Vol. 30 (8). 

25 645 (April 1 994) measured the noise in EDFAs due 
to amplified double Rayleigh scattering, and found that 
attention to this noise source nnay be advisable for ex- 
ternally modulated analog AM-CATV systems. See, for 
instance, the "Conclusions" section. 

30 S. Yamashita et al.. IEEE Photonics Technologv 
Letters. Vol. 4(11). p. 1276 (Nov 1992) disclose that the 
noise and gain characteristics of an EDFA are improved 
by insertion of a "midway" Isolator into the active fiber, 
with the optimal isolator position being 1/3-1/2 of the 

3S total active fiber length from the input length. See, for 
instance, p. 1278, last paragraph. 

RBS in optical fibers is well known. J. L. Gimlett et 
al.. IEEE Photonics Technologv Letters. Vol. 2 (3), p. 211 
(March 1990) disclose that RBS" ...can be modeled as 

40 a "Rayleigh mirror" which in lightwave systems with op- 
tical amplifiers has the same effect as a single discrete 
reflection with an effective reflectance given by (R^^2), 
where R^^s Is the backscattering reflectance", and that 
optical isolation may be essential for fiber systems using 

4S high-gain optical amplifiers. See, for Instance, p. 213. 
last paragraph. The reported measurements were ob- 
tained on a system comprising 30 m of Er-doped fiber 
between long lengths (120 km and 18 km, respectively) 
of optical fiber. 

so 

Summary of the Invention 

The invention is defined by the claims. In a broad 
aspect the invention is embodied in an article that com- 
55 prises a FRA which can have substantially improved 
noise properties, as compared to an analogous prior art 
FRA. In an exemplary embodiment, the article is an op- 
tical fiber communication systern, the system compris- 
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ing a transmitter, a receiver that is spaced apart from 
the transmitter (typically hundreds or even thousands of 
kibmeters apart), and an optical fiber transmission path 
that sIgnaMransmtssively connects the transmitter and 
the receiver. The transmission path comprises one or s 
more FRAs according to the invention. The direction 
from transmitter to receiver is the 'downstream* direc- 
tion, and the opposite direction is the "upstream" direc- 
tion. Angilogously, a point of the transmission path is 
"downstream" ("upstream") of another such point i1 the io 
former lies in the downstream (upstream) direction from 
the latter. In another exemplary embodiment the article 
is an FRA according to the invention. 

An FRA according to the invention comprises an in- 
put port (e.g., comprising a short length of fiber adapted '5 
for splicing to optical fiber), an output port (e.g., also 
comprising a short length of fiber), and an optical fiber 
path that signal-transmissively connects the input and 
output ports and comprises silica-based optical fiber (in- 
cluding Ge-doped and/or P-doped fiber), the fiber to be 20 
referred to as "amplifier fiber* because signal amplifica- 
tion by stimulated Raman scattering takes place in the 
fiber during amplifier operation. The FRA also compris- 
es means for coupling pump radiation (of wavelength Ap 
loss than the signal wavelength X^) into the amplifier fit>- 2S 
er such that the pump radiation propagates in the am- 
plifier fiber (in the upstream direction) towards the input 
port. 

Significantly, the amplifier fiber comprises at least a 
first length and a second length Lg of amplifier fiber, 30 
with the first length being disposed upstream of the sec- 
ond length. Furthemnore, the FRA comprises an optical 
isolator disposed between the first and second lengths 
of amplifier fiber such that passage of radiation of wave- 
length from the second to the first length of amplifier 3S 
fiber is substantially blocked. 

In preferred embodiments the means for coupling 
the pump radiation into the amplifier fiber are disposed 
to couple the pump radiation into the second length of 
amplifier fiber at or near the downstream end thereof, 40 
and the FRA further comprises wavelength-selective 
coupling means selected to facilitate passage of pump 
radiation from the second to the first length of amplifier 
fiber, by-passing the optical isolator. 

Typically, the first and second lengths together con- 46 
stitute essentially all of the amplifier fiber in a FRA ac- 
cording to the invention. Associated with a FRA Is a 
noise figure. The noise figure of an exemplary FRA ac- 
cording to the invention exemplarily is at least 2 dB, pref- 
erably at least 5 dB less than the noise figure of a com- so 
parison (prior art) FRA that differs from the inventive 
FRA only in having an undivided length of amplifier fiber 
of length + L^. 

Although currently not preferred, the invention can 
also be embodied in a multistage FRA wherein each of ss 
the stages is separately pumped, e.g., by means of sep- 
arate pump sources or, possibly, from a single pump 
source that is split into two or more beams. In such a 



FRA it will frequently not be necessary to provide means 
for by-passing the optical isolator (or isolators). 

In typical embodiments is about 1.3 ^m. with 
exemplarily being at>out 1.24Mm. 

Optical isolators are well known and are commer- 
cially available, as are wavelength-selective coupling 
means. An example of the latter is a fused fiber coupler, 
conventionally referred to as a WDM. 

Due to the small magnitude of the Raman gain co- 
efficient of typical silica-based optical fibers, the length 
of the amplifier fiber in FRAs typically is in the range 
from a few hundreds of meters to several kilometers, 
exemplarily more than 200 m. The length of amplifier 
fibers in FRAs thus typically greatly exceeds that of ED- 
FAs, which typically have amplifier fiber lengths in the 
range from a few meters to about hundred meters. This 
difference in amplifier fiber length between FRAS and 
EDFAs results in significant differences in noise charac- 
teristics between FRAs and EDFAs, with some noise- 
producing mechanisms that are important in FRAS be- 
ing of no practical significance in EDFAs. Among these 
mechanisms are double RBS and Brillouin scattering in 
the amplifier fiber. 

We have discovered that noise in FRAS due to dou- 
ble RBS and/or Brillouin scattering can be significantly 
reduced if the desired gain G is produced in two (or 
more) amplifier stages, with an optical isolator disposed 
between the two stages. In currently preferred embodi- 
ments, pump radiation and signal are counter-propagat- 
ing, thereby substantially reducing noise due to pump 
power fluctuations. It is also currently preferred to cou- 
ple all the pump radiation into the downstream end of 
the downstream amplifier stage, and provide means for 
shunting pump radiation around the isolator. However, 
in the alternative, pump radiation (from one or more 
sources) could be coupled into the downstream end of 
each amplifier stage. 

Brief Description of the Drawings 

FIG. 1 schematically depicts a prior art FRA, with a 
significant amount of double backscattered light co- 
propagating with the signal; 
FIG. 2 shows schematically an exemplary two- 
stage FRA according to the invention, with signifi- 
cantly reduced double backscattered light; 
FlGs. 3-5 show the power spectrum of exemplary 
1 240 nm pump radiation, and of 1 300 nm signal ra- 
diation amplified with co-propagating and counter- 
propagating pump radiatbn, respectively; 
FIGs. 6 and 7 show exemplary data on bit-error 
tests for a prior art one-stage Raman amplifier and 
a two-stage amplifier according to the invention; 
and 

FIGs. 8-10 schematically show exemplary optical 
fiber communication systems according to the in- 
vention. 
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Detailed Description of a Preferred Embodiment 

We have found that double BBS and Brillouin scat- 
tering can be serious noise sources in typical FRAS. due 
largely to the relatively long length of amplifier fiber of 5 
typical FRAS. Indeed, it can be shown that double RBS 
increases as the square of the length of the amplifier 
fiber. Thus, noise due to this mechanism can be several 
orders of magnitude more In FRAs than in EDFAs, re- 
quiring design features in the former that may be inap- 
propriate in the latter. 

FIG. 1 schematically shows a prior art (single stage) 
FRA 1 0, wherein numerals 11 to 1 3 refer to the undivid- 
ed amplifier fiber of length L, and the upstream and 
downstream WDMs. respectively Arrow 14 refers to the 
signal that propagates through the FRA, and 15 refers 
to double baclocattered light that co-propagates with 
the signal, with the relatively large size of ellipse 151 
intended to indicate a relatively large amount of ampli- 
fied double backscattered radiation. Double RBS light 
is twice backscattered by unavoidable density fluctua- 
tions in the amplifier fiber such that it propagates in the 
downstream direction and adds noise to the signal. Al- 
though the amplitude of RBS light is generally small the 
light is amplified in the same way the signal is amplified 
in the FRA, resulting in significant noise amplitude. 

A further noise mechanism that Is typically insignif- 
icant in EDFAs but can be significant in FRAS is Brillouin 
scattering. In the case of Brillouin scattering, the ampli- 
fied signal couples to an acoustic phonon In the fiber 
and generates a counter-propagating wave, thereby re- 
ducing the signal amplitude. If the Brillouin scattered 
light experiences in the amplifier fiber a second reflec- 
tion (e.g., due to Rayleigh scattering), the twice-scat- 
tered (and amplified) light will again interfere with the 
signal, thereby degrading the amplifier's perfonmance. 

FIG. 2 schematically depicts an exemplary FRA 20 
according to the invention. Numerals 21 and 22 refer to 
the first and second amplifier stages, respectively, and 
numerals 23 and 24 refer to the first and second ampli- 
fier fibers, respectively. Numerals 25-28 refer to the In- 
terstage optical isolator the upstream and downstream 
interstage WDMs, and the fiber that shunts pump radi- 
ation around isolator 25. The lengths of the first and sec- 
ond amplifier fibers are not necessarily equal. Exempla- 
rity, they are chosen such that each stage produces a 
gain of G/2 dB, the gain of the combination thus being 
G dB, e.g., 20 dB or more. 

FIG. 2 also shows signal 14= light 291 that has un- 
dergone double RBS in the upstream amplifier fiber, and 
light 292 that has undergone double RBS In the down- 
stream amplifier fiber. As will be readily appreciated by 
those skilled in the art, the two-stage FRA of the inven- 
tion adds considerably less noise to the signal than does 
an analogous single stage prior art FRA that differs from 
the former only in having an undivided amplifier fiber of 
length L. (i.e., without WDMs 26 and 27, isolator 25 and 
by-pass fiber 28). 



It can be shown that use of co-propagating pump 
radiation instead of counter-propagating pump racfL=i!tion 
can lead to a slightly smaller noise contribution from sig- 
nal-spontaneous beating. However, the benefits thai are 
gained by use of counter-propagating pump radiation 
outweigh the detriment of slightly higher noise due to 
signal-spontaneous beating. In particular, use of coun- 
ter-propagating pump radiation can substantially elimi- 
nate pump-signal crosstalk, as demonstrated by FIGs. 
3-5. 

FIG. 3 shows the RF power spectrum of an exem- 
plary 1240 nm Raman pump laser. The targe noise 
spikes are caused by beating of the longitudinal laser 
modes, and are substantially unavoidable, due to the 
necessity of lasing on many longitudinal modes in order 
to prevent Brillouin scattering of the pump radiation. 

FIG. 4 shows the RF power spectrum of 1300 nm. 
signal radiation after amplification by co-propagating 
Raman pump radiation, and clearly demonstrates that 
noise spikes from the pump radiatbn are transferred to 
the signal. 

FIG. 5 shows the RF power spectrum of the 1300 
nm signal after amplification by counter-propagating 
pump radiation. The spectrum is free of pump noise 
spikes. This clearly establishes the advantage of coun- 
ter-propagating Raman pumping. 

In a Raman amplifier with strictly counter-propagat- 
ing pump radiation that have significant net gain (e.g., 
>10 dB), multi-path interference due to double RBS is 
typically the dominant source of noise. We have discov- 
ered that an effective technk^ue for decreasing double 
RBS Is provision of a multistage Raman amplifier, with 
an interstage optical isolator between adjacent stages. 
A multistage Raman amplifier with interstage isolator al- 
so increases the threshold for Brillouin scattering. 
Brilbuin scattered light is generated only In the back- 
wards propagating direction. Thus, any Brillouin scat- 
tered light generated in the second (downstream) stage 
of such a multistage Raman amplifier is absorbed by the 
interstage isolator. 

FIGs. 6 and 7 provide comparative data for a prior 
art single stage Raman amplifier and a multistage Ra- 
man amplifier according to the invention, respectively. 
While generating a gain of 19 dB, the prior art amplifier 
created a power penalty of 7 dB at 10"^ BER (bit error 
rate), as shown by FIG. 6. In contrast, an analogous 
2-stage amplifier according to the invention generated 
gains as large as 26 dB with essentially no power pen- 
alty, as demonstrated by FIG. 7. Both amplifiers used a 
counter-propagating pump geometry, and all measure- 
merns were taken at 2.5 Gb/s. 

Optical fiber communication systems according to 
the Invention can take a variety of forms. For Instance, 
a FRA according to the invention can serve as a power 
amplifier disposed close to the transmitter, it can serve 
as a pre-amplifier disposed close to the receiver, or it 
can be disposed between transmitter and receiver, 
spaced by a substantial distance (e.g., 100 km) from the 
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closer of the two. An example of the latter is an upgraded 
1.3pm optical fiber communication system wherein 
FRAs according to the invention are used to replace 
conventional opto-electronic repeaters. 

FIG. 8 schematically depicts an optical fiber com- 
munication system 80 according to the invention, 
wherein numerals 81-84 refer, respectively, to transmit- 
ter, receiver, FRA according to the Invention, and optical 
transmission fiber. 

FIG. 9 schematically shows another exemplary em- 
bodiment of the invention, namely, a multi-receiver com- 
munication system 90, wherein an FRA according to the 
invention serves as power amplifier that facilitates pro- 
vision of a signal (exemplarily an analog signal, e.g., a 
CATV signal) to a multiplicity of receivers (subscribers). 
Numerals 91 -94 refer, respectively, to transmitter, trans- 
mission fiber, FRA and splitter. Further amplifiers may 
be disposed between the transmitter and the FRA but 
are not shown. Splitter 94 divides the amplified signal 
into n signals that respectively propagate through fibers 
951 -95n to receivers 961 -96n (of which only 962 is 
shown). 

FIG. 10 schematically depicts a further embodiment 
of the invention, namely, a remotely pumped communi- 
cation system 100. It will be noticed that all electronic 
and opto-electronic apparatus is associated with the ter- 
minals, and the remainder of the system is purely opti- 
cal. Typically, the terminals are situated on land (e.g.. 
on a first and a second island), and the fiber transmis- 
sion path that links the terminals Is under the sea- Ex- 
emplarily. the system comprises transmitter 101 and re- 
ceiver 110. Optional power amplifier 102 (e.g., an EDFA) 
amplifies the optical signal provided by the transmitter, 
and the amplified optical signal is coupled into conven- 
tional transmission fiber 1 03. At an appropriate point be- 
tween transmitter and receiver (e.g., about halfway), a 
length of Er-doped optical fiber 104 is connected be- 
tween fibers 103 and 105. Pump source 111 (e.g. a cas- 
caded Raman fiber laser) provides pump radiatbn of a 
wavelength (e.g., 1480 nm) suitable for pumping Er- 
doped fiber 104. The pump radiation is coupled into fiber 
105 by conventional means (e.g., WDM 112), and prop- 
agates in upstream direction towards the Er-doped fiber. 
At an appropriate point between receiver and Er-doped 
fiber (e.g., about halfway) is disposed optical isolator 
1 06, with WDMs 1 08 and 1 09 and fiber 1 07 enabling the 
pump radiation to by-pass the isolator, and to proceed 
through remaining fiber 105 to Er-doped fiber 104. It will 
be noted that radiation of wavelength 1480 nm not only 
can sen^e as pump for a conventional EDFA but also 
can serve as pump for a silica-based FRA. Thus, section 
113 of the fiber communication system of FIG. 10 con- 
stitutes a FRA according to the invention, providing gain 
to the signal. In effect, section 113 serves as a distrib- 
uted, relatively low noise, pre-amplifierfor receiver 110. 

In at least some instances it may be desirable to 
tailor (typically flatten) the gain spectrum of an optical 
fiber amplifier, e.g.. an amplifier according to the inven- 



tion. This can be accomplished, for instance, by provi- 
sion of an interstage filter with wave length -dependent 
transmission characteristics, or by tailoring of the pump 
spectrum, e.g., by provision of a filter with wavelength- 
5 dependent transmission characteristics in the cavity of 
the laser or between the pump laser and the fiber am- 
plifier. 

Example 1 

A FRA substantially as shown in FIG. 2 was assem- 
bled and tested. The exemplary amplifier contained 
three commercially available 1.3^im polarizationinsen- 
sitive isolators, one disposed just upstream of WDM 12, 
one disposed between the amplifier stages as shown in 
FIG. 2, and one disposed just downstream of WDM 1 3. 
WDMs 12, 13, 26 and 27 were commercially available 
1240 nm:1310 nm fused fiber couplers. Amplifier fibers 
23 and 24 were, respectively, 4 km and 2.85 km germa- 
nosilicale fiber with a depressed cladding, A = 1 .6%, and 
an effective core area of about 1 5^m^ at X = 1 .3^m. The 
amplifier was pumped with the output of a 1 240 nm cas- 
caded Raman laser which was pumped with the output 
of a 1060 nm cladding-pumped Nd fiber laser. 

The FRA was tested in conventional manner. Signal 
radiation of wavelength 1310 nm was coupled into the 
input port, and amplified signal radiation was received 
at the output port. The results were compared to a one- 
stage amplifier that differed from the FRA according to 
the invention only with respect to elements 25-28 of FIG. 
2. with the 2-stage amplifier transformed into the 1 -stage 
(comparison) amplifier by removal of the designated el- 
ements, and conventionally coupling fiber 24 to fiber 23. 
Bit-error-rate tests of both amplifiers were performed. 
Exemplary results are shown in FIGs. 6 and 7. The 
1 -stage FRA generated 1 9 dB net gain while introducing 
a power penalty of 7 dB, whereas the 2-stage FRA ac- 
cording to the invention generated up to 26 dB of net 
gain without introducing a power penalty. 



Claims 

1. An article comprising an optical fiber Raman ampli- 
fier comprising 

a) an input port; 

b) an output port; 

c) an optical fiber path that signal-transmissive- 
ly ccHinects said input and output ports, sakJ op- 
tical fiber path comprising silica^based amplifi- 
er fiber (e.g., 24); and 

d) means for coupling a pump radiation of 
wavelength (13) less than a signal wave- 
length X3 into said silica-based anrtplifier fiber 
such that the pump radiation propagates in said 
silica-based amplifier fiber in an upstream di- 
rection towards said input port; 
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CHARACTERIZED IN THAT 

e) said silica-based amplifier fiber comprises at 
least a first length (23) of amplifier fiber and 
a second length Lg (24) of amplifier fiber, with 
the first length being upstream of the second 
length, and + L2 being more than 200 m; 

f) the optical fiber Raman annpjifier comprises 
an optical isolator (25) disposed between said 
first and second lengths of amplifier fiber such 
that passage of at least radiation of wavelength 

from the second to the first length of amplifier 
fiber is substantially blocked. 

Article according to claim 1 , wherein the means for 
coupling the pump radtatbn are selected to couple 
the pump radiation into the second length of ampli- 
fier fiber, and the optical fiber Raman amplifier fur- 
ther comprises wavelength-selective coupling 
means selected to facilitate passage of pump radi- 
ation from the second to the first length of amplifier 
fiber by by-passing the optical isolator. 



cal fiber Raman amplifiers, with silica-based optical 
fiber signaMransmisstvely connecting the output 
port of one of said optical fiber Ranrian amplifiers to 
the input port of the other of said optical fiber Raman 
s amplifiers. 

9. Article according to claim 6. wherein the transmis- 
sion path comprises a length of erbium doped opti- 
cal fiber, is about 1480 nm, is about 1550 nm, 

10 the first and second lengths of amplifier fiber are dis- 
posed between the receiver and the erbium doped 
optical fiber, and constitute substantially all of the 
transmission path between the receiver and the er- 
bium doped optical fiber, and the optical fiber Ram- 

is an amplifier further comprises wave length -selec- 
tive coupling means selected to facilitate passage 
of pump radiation from the second to the first length 
of amplifier fiber by by-passing the optical isolator. 

20 10. Article according to claim 1, wherein said silica- 
based amplifier fiber comprises dopant selected 
from the group consisting of Ge and R 



3. Article according to claim 1 , wherein A.^ is approxi- 
mately 1.3|im, Xp is approximately 1.24jim, and 
+ L2 is more than 1 km. 



11. Article according to claim 1, further comprising 
2S means for tailoring a gain spectrum of the optical 
Raman amplifier. 



4. Article according to claim 1 , wherein the first and 
second lengths of amplifier fiber together constitute 
essentially all of the silica-based amplifier fiber in 30 
said optical fiber Raman amplifier. 

5. Article according to claim 1 , wherein associated 
with the optical fiber Raman amplifier is a noise fig- 
ure, said noise figure being at least 2 dB less than 3S 
a noise figure of a comparison optical fiber Raman 
amplifier that differs from said fiber Raman amplifier 
only in having an undivkjed amplifier fiber of length 

Li + 1-2. 

40 

6. Article according to claim 1 . wherein the article is 
an optical fiber communication system that com- 
prises a transmitter for signal radiation of wave- 
length X^, a receiver spaced apart from the trans- 
mitter, and a transmission path that connects said 
transmitter and said receiver for said signal radia- 
tion of wavelength X^, said transmission path com- 
prising said optical fiber Raman amplifier, and said 
optical fiber communication system further com- 
prising a source of said pump radiatlon'of wave- so 
length Xp. 



12. Article according to claim 11, wherein said means 
for tailoring the gain spectrum comprise a filter with 
wavelength-dependent transmisskvi characteris- 
tics. 



7. Article according to claim 6, further comprising 
means for splitting an output signal of said optical 
fiber Raman amplifier into a multiplicity of signals. ss 

8. Article according to claim 6, wherein the transmis- 
sion path comprises at least two spaced apart opti- 
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